Abstract Although the participation of women within the science, technology, engineering and mathematics workforces has been widely discussed over recent decades, the recording and analysis of data pertaining to the gender balance of medical physicists in Australia and New Zealand remains rare. This study aimed to provide a baseline for evaluating future changes in workforce demographics by quantifying the current level of representation of women in the Australasian medical physics workforce and providing an indication of the relative contribution made by those women to the local research environment. The 2015 Australasian College of Physical Scientists and Engineers in Medicine (ACPSEM) member directory and list of chief physicists at ACPSEM-accredited radiation oncology and diagnostic imaging training centres were interrogated to identify the gender balance of medical physicists working in Australia and New Zealand. A specific investigation of the employment levels of all medical physicists in Queensland was undertaken to provide an example of the gender balance at different levels of seniority in one large Australian state.
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Lists of authors of medical physics presentations at ACPSEM annual conferences and authors of publications in the ACPSEM's official journal, were used to provide an indication of the gender balance in published research within Australia and New Zealand. The results of this study showed that women currently constitute approximately 28 % of the medical physics workforce in Australia and New Zealand, distributed disproportionally in junior roles; there is a decrease in female participation in the field with increasing levels of seniority, which is particularly apparent in the stratified data obtained for the Queensland workforce. Comparisons with older data suggest that this situation has changed little since 2008. Examination of ACPSEM conference presentations suggested that there are similar disparities between the gender-balance of proffered and invited or keynote speakers (28 % and 13 % from female authors) and the gender balance of certified and chief physicists (28 % and 21 % female). The representation of women in the ACPSEM journal does not differ substantially between authorship of proffered versus invited work (22 % and 19 % from female authors). While this work was limited to evaluating the membership, annual conference and official journal of the ACPSEM (rather than evaluating the entire medical physics workforce and the contributions of male and female physicists to international conferences and publications), this study nonetheless led to the following recommendations: that a longitudinal study analysing correlations between age, period of service, seniority and gender should be undertaken and that future ACPSEM workforce surveys should include analyses of gender representation.
Introduction
The participation of women within the science, technology, engineering and mathematics (STEM) workforces has been widely discussed over recent decades [1, 2] . Despite interest in this topic, little analysis has been completed regarding the medical physics workforce.
The International Organization for Medical Physics (IOMP) conducted a medical physics workforce survey between March and July 2013, in which the genders of respondents were recorded. The 17,024 responses to the survey came from 66 nations and were estimated to cover 75 % of the medical physics workforce. The results of the survey, reported by Tsapaki and Rehani [3] , allowed the first examination of the gender composition of the international medical physics community. Mean female participation in each region is presented in Table 1 .
The IOMP survey did not, however, include results from Australia and New Zealand. The most recent analysis of female participation within medical physics in Australasia was the radiation oncology workforce planning report [4] in 2009, which surveyed radiation oncology medical physicists (ROMPs), including registrars, working in Australia. The response rate for this survey was approximately 80 % of the estimated ROMP workforce. Female participation in the workforce was reported at 32.5 %, of which more than half were concentrated in the 25-34 year age group.
It should be noted that the Australasian College of Physical Scientists and Engineers in Medicine (ACPSEM) has conducted regular workforce surveys every 3 years since 2006 [5] [6] [7] , with the last published in 2013 [7] , but these surveys have not examined gender ratios. By contrast the The Royal Australian and New Zealand College of Radiologists (RANZCR), which has a similarly sized radiation oncology workforce, includes gender in workforce census reports [8] .
The Tsapaki and Rehani paper [3] , in discussing female participation in the workforce within Europe, noted that the European Commission, in 1999, ''undertook to develop a coherent approach towards promoting women in research'', and aimed for a 40 % representation of women. In the past 20 years a number of nations have similarly commissioned investigative reports into, and programs addressing, the difficulties faced by women in STEM fields [1] .
The attrition of women along STEM career paths has often been described using the 'leaky pipeline' metaphor (particularly within academia), with participation declining with increasing levels of seniority and status [1, 9] . The 2012 Higher Education Research Data Collection results indicated that women comprise more than 50 % of science PhD graduates, but only 17 % of senior academics within universities in Australia [10] . This leaky pipeline effect has not been explored for the medical physics workforce.
One factor associated with women's ''depressed rank and status'' within the sciences is publication productivity [11] . In medical physics, the importance of developing and maintaining a published research track record is indicated by the fact that the ACPSEM publishes its own scientific journal, and the fact that the ACPSEM will not permit a medical physics registrar to be certified as a medical physics specialist without having first published at least one paper and presented at a scientific conference. The possible effects that the participation of Australasian women in published and visible research may be having on the status of female medical physicists cannot be assessed without some indication of the gender balance within Australasian published research.
A discussion paper on women in the STEM fields within Australia released in 1995 [12] reported an under-representation of women in specific disciplines (including physics) and made recommendations to the government to initiate reforms. A subsequent report released in 2009 [1] indicated there had been small increases in women's participation in traditionally male-dominated fields. Similar trends have been observed in New Zealand, where, for example, female participation in the physics workforce increased from 23 to 29 % between 1996 and 2006 [13] .
The Australian Academy of Science launched the Science in Australia Gender Equity (SAGE) pilot trial in September 2015, aiming to stem the loss of women in science [2] . The SAGE program will assess the gender equity policies and practices of 24 Australian Universities and 4 medical research institutes. This program is based on the Athena SWAN Charter, an evaluation and accreditation framework from the UK, where medical research institutes have been required to demonstrate a commitment to gender equity in order to receive research funds (since 2011) [2] . Motivations for such policies include possible productivity improvements within diversified workforces [14] . Such policies are dependent on the quantification of underrepresentation.
This study aims to inform future research and policy development, by providing a preliminary analysis of female participation in the medical physics workforce in Australasia. Overall female participation in the workforce is evaluated using demographic information, extractable from the ACPSEM databases, and the participation and promotion of female medical physicists in Australasian research is evaluated via the presentation of medical physics research at ''Engineering and Physical Sciences in Medicine'' (EPSM), the annual conference of the ACPSEM, and in Australasian Physical & Engineering Sciences in Medicine (APESM), the official journal of the ACPSEM.
Method
A list of ACPSEM branch member names (n = 647) was collated using a search of the ACPSEM member directory completed on Friday 17th July, 2015. This data included 647 branch member names (after the removal of duplicates and member organisations), and included affiliated organisation, branch and email details. The names of ACPSEM certified 1 radiation oncology (n = 273), radiology (n = 35), and nuclear medicine (n = 27) medical physicists were also collated at the same time. A list of chief physicists at accredited radiation oncology and diagnostic imaging training centres (dated 23rd February, 2015) was also obtained from the ACPSEM.
In order to provide an example of the gender balance of the medical physics workforce in a large Australian state, the Queensland ROMP workforce was selected for further examination and stratification. The 2012 ACPSEM member survey [7] indicated that the Queensland ROMP workforce was the 4th largest Australasian 'state' workforce (after New South Wales, Victoria and New Zealand), with the largest number (n = 22) of ROMPs in training (0-3 years experience), constituting 34 % of its workforce. At the time of this study, Queensland was the 3rd largest branch by membership.
A complete list of ROMPs (n = 62) working in Queensland was collected and stratified according to level of seniority (as determined by wage rate or assessment by local staff and discussion with the state branch chairperson). These levels were defined as follows:
-Junior: typically referring to a TEAP registrar or uncertified physicist (corresponding, in the public system, with the Queensland Health HP3 wage rate). -Specialist: typically referring to a certified physicist (HP4).
-Senior: referring to an experienced physicist with some leadership responsibilities (HP5). A list of members of the editorial committee (as of Friday 17th July, 2015) was also obtained. It should be noted that the scope of the journal extends beyond medical physics, to biomedical engineering.
Published abstracts from the Engineering and Physical Sciences in Medicine (EPSM) conference were used to collate lists of first authors of proffered and invited or keynote oral presentations from 2005 (10 years ago) through 2013 (the most recent EPSM conference). For the period from 2005 through 2010, where EPSM abstracts were published alongside Australian Biomedical Engineering Conference (ABEC) abstracts, biomedical engineering abstracts were removed from the list.
Due to the limited geographical scope of this study, authors from institutes not located in Australia or New Zealand were removed from the lists of article and presentation first authors.
When evaluating APESM publications and EPSM presentations, the first author was used as a surrogate for the person responsible for carrying out the work presented or published. In 94-98 % of cases, the first author was also the presenting author. Regardless of the validity of this assumption (which may be affected by the ACPSEM's publication requirement for certification) the gender balance of first authors is an important subject for examination as it affects the relative visibility of male and female medical physicists, in the research sphere.
For the included APESM publications and EPSM presentations with multiple authors, the last author was also used as a surrogate for the senior or supervising author.
This sequencing convention, while common practice in academia, can not be assumed to have been used for all the presentations and publications in this study. These supervising authors were not medical physicists in all cases. Senior authors from institutes not located in Australia or New Zealand were removed from the list.
These ACPSEM, EPSM and APESM lists contained a total of 3163 names, including many duplicates. Other than EPSM 2011, which included Mr/Mrs/Miss/Ms in the titles of some presenters, none of these lists specified the genders of the individuals within them. For each list genders were assigned, where not previously known to the authors or colleagues, preferentially via online profiles (e.g. LinkedIn, research databases and university profiles), via internet searches (e.g. in newsletters and reports), and finally via census-and sample-informed estimation (using the genderapi and genderize.io services). Where the gender could not be estimated (n = 18, or 3 %, for ACPSEM members; n = 13, or 4 %, for APESM first authors; n = 3, or 1 % for APESM senior authors, n = 8, or 1 %, for EPSM first authors; and n = 12, or 2 %, for EPSM senior authors) the data was not included in the calculation of gender ratios or included in results tables.
Assumptions and limitations
This study is subject to a number of assumptions and limitations, which are stated explicitly here in order to provide the reader with the opportunity to independently assess the value and relevance of the results of this study:
-The term ''Australasia'' is used throughout this manuscript as shorthand for ''Australia and New Zealand''. -The 2012 ACPSEM workforce survey indicated that engineering positions comprised 20 % of the ACPSEM workforce [7] , and gender equality in the workplace is an important issue for biomedical engineers. However, this study is deliberately focused on medical physicists, to the exclusion of biomedical engineers. -The dates at which data were sourced for use in this study are provided in the method because the Australasian medical physics workforce is continually changing. While this provides a useful snapshot of the ACPSEM at a particular (recent) historical point, conclusions that were appropriate at the time of writing may no longer be valid at the time of publication or at the time of reading. -Medical physicists who have no involvement with the ACPSEM (including EPSM and APESM) are not visible to, and are therefore ignored by, this study. -This study includes a detailed examination of the gender-balance within the Queensland medical physics workforce, because (as noted above) reliable and verifiable information about this comparatively large workforce was made available to the authors. However, it should be noted that, although one of the largest branches, Queensland only makes up 13 % of the total ACPSEM membership and 18 % of the Australian ROMP component of the ACPSEM membership. There are differences between the demographics and geographic distribution of the Queensland medical physics workforce, compared to the other Australian states and New Zealand, that make extrapolating from Queensland to the other branches inadvisable. However, the analysis of the Queensland workforce provides a valuable example of the type of analysis that could be undertaken (and a set of data with which results could be compared), for the other Australian states and for New Zealand. -Publication author lists examined in this study were sourced from the ACPSEM's journal (APESM) only. The relative contributions to and recognition of women and men in other scientific journals was not evaluated in this study. -Presentation author lists examined in this study were sourced from the ACPSEM's medical physics conference (EPSM) only. The relative contributions to and recognition of women and men in other conferences (including international conferences inside and outside Australia and New Zealand) was not evaluated in this study. -All abstracts relating to biomedical engineering were excluded from the examination of EPSM presentations before 2012, when EPSM was conducted in conjunction with ABEC and ABEC abstracts were clearly separated in conference proceedings. However, the smaller numbers of biomedical engineering presentations that were included in EPSM conferences from 2012 onward have not been excluded from this study (due to the difficulty of unambiguously identifying them). Biomedical engineering publications have not been excluded from the analysis of APESM papers and editorials. -For publications and presentations, the first author is assumed to be the presenting author, the main author of the manuscript, and the individual who performed most of the work published or presented. Similarly the last author is assumed to be the senior or supervising author. (This is known to be untrue in some cases.) -The gender balance of keynote and invited conference speakers, as well as the gender balance of invited editorials, is determined by many factors including the status and recognition of female and male researchers, the diversity, experience and attitudes of individual organising committees and editorial boards, the proportion of invitations that are sent to women and men, and the proportion of women and men who accept those invitations (which may itself be related to the status, workplace involvement and workloads of female and male medical physicists). Results Table 2 lists gender ratios for branch members of the ACPSEM (data from 17/7/2015), as well as registered ROMPs and diagnostic imaging medical physicists (DIMPs), in both radiology and nuclear medicine, along with gender ratios for chief physicists of accredited ROMP and DIMP training centres (data from 23/2/2015). This data shows that in Australia and New Zealand in 2015, there is an 8 % difference between the proportion of certified medical physicists who are women and the proportion of chief medical physicists who are women, in both the ROMP and DIMP fields, with the greater gender imbalance being at the chief level. Table 3 lists gender ratios for the ROMP workforce in Queensland (data from 23/7/2015), stratified according to seniority. These results show that female participation in the workforce (in terms of certified physicists) is similar to the worldwide figure reported by Tsapaki and Rehani [3] ( Table 1 ). The discrepancy between the genders is larger in more senior positions. Table 4 lists gender ratios for cohorts relating to the APESM journal: first authors of standard articles and editorial authors, between 2001 and 2014, and current (data from 17/7/2015) members of the editorial board. The gender of first authors is illustrated, stratified by year of publication, in Fig. 1 . A two-tailed Student's t-test of the significance of the regression coefficents suggests that there is a significant increase in the proportion of articles with women as first authors (p ¼ 0:015) and no significant change in the proportion of articles with women as senior authors (p ¼ 0:80), over time. Table 5 lists gender ratios for proffered speakers, invited speakers and keynote speakers at the EPSM conference between 2005 and 2013. The numbers of ''unique'' authors of articles and editorials (where multiple articles by the same author are counted as one) are also shown in Table 5 . The gender of first and senior authors is illustrated, stratified by year of presentation, in Fig. 2 which shows a statistically non-significant increase in the proportion of articles with women as presenting authors (p ¼ 0:07) and a non-significant change in the proportion of articles with women as senior authors (p ¼ 0:68), over time.
Discussion
Currently, women constitute about 28 % of the medical physics workforce in Australia and New Zealand, distributed disproportionately in junior roles. The data suggest a decrease in female participation in the field with increasing levels of seniority, whether examining the number of DIMP and ROMP chiefs across Australia and New Zealand (see Table 2 ) or the number of senior, principal and chiefs in the Queensland ROMP workforce (see Table 3 ). The gender ratios for the general membership (28 % female) and for certified ROMPs (29 % female) presented here are slightly less balanced than the ratio reported for working ROMPs (including registrars) in the 2008 survey (32.5 % female) [4] .
The female participation in the Queensland ROMP workforce is higher than the national average (see Table 3 ). This may be related to the larger proportion of more-junior physicists within the Queensland workforce (with the female workforce mostly distributed within the junior, specialist and senior levels; and with Queensland having the highest number of physicists in training in 2012 [7] ). Note: Percentages may not total 100 due to rounding. All invited and keynote speakers were unique The female participation in the Australasian workforce was similar to the worldwide figure (28 %) and the figure for OECD member countries (28 %) as determined in the recent IOMP survey [3] . Amongst the OECD member countries with 150 or more respondents, the Australasian region had: -higher female workforce participation than Germany (20 %), the Netherlands (21 %), the United States (21 %); -similar female workforce participation to Spain (29 %) and Denmark (30 %); -smaller female workforce participation than Greece (40 %), France (48 %), Turkey (52 %), Italy (53 %) and Ireland (60 %).
The female participation in the radiation oncology medical physics workforce is similar to the radiation oncology workforce (29 % in Australasia in the 2010 survey [8] ) and similar to the level of male participation in the radiation therapy workforce (25 % from the 2009 report [4] ). The radiation oncology workforce also contained a disproportionate number of women in junior roles (53 % of radiation oncology trainees in 2010 were women) [8] .
The trends observed in the data presented here conform with the leaky pipeline model, observed in the natural and physical sciences in academia. The results shown in Table 3 are similar to the data seen in 'scissors' graphs reported in the literature for academic seniority levels [1, 15] .
There are similarities between the demographics of the workforce and EPSM presentation authors. Levels of female participation in the Australasian workforce and at the Australasian conference are similar (28 % of ACPSEM branch membership and 28 % of all first authors). Additionally, the disparity between the proportions of certified (28 %) and chief (21 %) ROMPs that are women (see Table 2 ) is echoed by the disparity between the proportion of first authors of proffered EPSM presentations who are women (28 %) and the proportion of senior and invited EPSM speakers who are women (19 and 10 %, respectively) (see Table 5 ). This result suggests that within ACPSEM conference presentations, female medical physicists are making a contribution that is in proportion to their workplace participation.
By contrast, when examining first authors of articles published in APESM, there is an under-representation of women (22 % of article authors, compared with 28 % of the workforce), but little difference between authorship of proffered versus invited work (22 % and 19 %) or between authorship at the first-author or senior-author level (22 % and 23 %) (see Table 4 ). The year with the highest number of female first authors (2013-see Fig. 1 ) also had the smallest number of papers from Australasian authors of all the years included in this study.
For both EPSM conference presentations and APESM publications (see Tables 4 and 5 ), the similarities between the gender balances of authors and unique authors suggest that the proportion of authors producing multiple papers or presentations per year is similar, between the two genders.
It should be noted that because this study used data sourced from ACPSEM databases and from the ACPSEM journal and annual conference, it is not possible to use the information presented here to draw conclusions about the participation rates of male and female medical physicists who have no involvement with the ACPSEM. Similarly, the narrow focus on the EPSM conference and the APESM journal means that this study cannot recognise the contributions of Australasian male and female medical physicists to international journals or international conferences. Nonetheless, the results of this study may be regarded as a baseline for future studies of the gender breakdown of the Australasian medical physics workforce or as a basis for comparing the Australasian publication record with records from international journals or conferences.
Conclusion
Female participation in the medical physics workforce within Australasia is not uniform across increasing levels or seniority or status (as evaluated by leadership responsibilities and invitation to communicate research within APESM and at EPSM conferences), with female medical physicists disproportionately represented in junior positions or as proffered speakers and authors.
Female participation in the workforce has not increased since the 2009 workforce survey, where women were (and still remain) concentrated in less senior roles. The data presented in this study could act as a baseline to evaluate future changes in workforce demographics.
The cross-sectional study presented here is not a substitute for a longitudinal study analysing correlations between age, period of service, seniority and gender. We recommend that future ACPSEM workforce surveys include an analysis of gender representation.
